The operation of a cascaded arc hydrogen plasma source was experimentally investigated to provide an empirical basis for the scaling of this source to higher plasma fluxes and efficiencies. The flux and efficiency were determined as a function of the input power, discharge channel diameter, and hydrogen gas flow rate. Measurements of the pressure in the arc channel show that the flow is well described by Poiseuille flow and that the effective heavy particle temperature is approximately 0.8 eV. Interpretation of the measured I -V data in terms of a one-parameter model shows that the plasma production is proportional to the input power, to the square root of the hydrogen flow rate, and is independent of the channel diameter. The observed scaling shows that the dominant power loss mechanism inside the arc channel is one that scales with the effective volume of the plasma in the discharge channel. Measurements on the plasma output with Thomson scattering confirm the linear dependence of the plasma production on the input power. Extrapolation of these results shows that ͑without a magnetic field͒ an improvement in the plasma production by a factor of 10 over where it was in van Rooij et al. ͓Appl. Phys. Lett. 90, 121501 ͑2007͔͒ should be possible.
I. INTRODUCTION

A. Motivation
The cascaded arc plasma source is a suitable choice for applications that require high fluxes of ions, photons or radicals at low plasma temperatures ͑0.1 to 10 eV͒. [1] [2] [3] [4] In our plasma surface interaction experiment, the cascaded arc is combined with a strong axial magnetic field ͑ഛ1.6 T͒ to create an intense magnetized hydrogen plasma beam ͑ϳ10 MW/ m 2 to the target͒. In this paper we determine scaling laws for the operation ͑i.e., current-voltage characteristics͒ and plasma output ͑gas efficiency͒, of the cascaded arc operating on hydrogen. The main variables are the input power ͑P in ͒, the gas flow rate ͑⌽͒, and the diameter of the discharge channel ͑d or ͒.
The motivation for our work originates from issues related to plasma wall interaction in future fusion reactors like ITER. 5 In ITER, the so-called divertor functions as the exhaust for the fusion product 4 He, impurities, and part of the fusion power. The steady state heat flux density to high flux areas of the ITER wall is expected to reach ϳ10 MW m −2 . It will be delivered by an extreme particle flux density of 10 24 ions m −2 s −1 at a temperature of 1 -10 eV. In such conditions, fast erosion and high retention rates of the tritium fuel may limit prolonged operation. 6 Knowledge about the complex system of plasma-surface interactions ͑PSIs͒ in these conditions is incomplete, because the combination of ITER-like flux-densities, electron temperatures and fluences is not attained in current fusion reactors or laboratory experiments. The FOM Institute for Plasma Physics Rijnhuizen is building the linear plasma generator Magnum-PSI ͑MAgne-tized plasma Generator and NUmerical Modelling͒ 7 to study the high flux, low temperature and strong magnetic field regime of PSI. The specifications of Magnum-PSI are : 10 cm plasma beam diameter, steady-state flux densities up to 10 24 ions m −2 s −1 , electron temperatures of 1 -7 eV, variable magnetic field of up to 3 T, and background pressures of ϳ1 Pa. Assuming a parabolic flux profile, these requirements correspond to a total ion flux of ⌫ i =4 ϫ 10 21 ions s −1 . A high efficiency, high flux cascaded arc hydrogen plasma source is the key component of this device. High pressure hydrogen plasma sources such as the cascaded arc usually operate at low gas efficiency due to conductive and particle losses to the source walls and anomalously fast volume recombination rates. 8, 9 The aim of this work is to improve the output and efficiency of the cascaded arc enough to satisfy the requirements for Magnum-PSI.
In the past, we have applied a cascaded arc according to the design of Kroesen et al. 10 on our linear plasma generator Pilot-PSI, the forerunner of Magnum-PSI. This yielded unprecedented plasma fluxes and densities by virtue of a synergetic action of high magnetic fields and an optimized nozzle geometry. 11 However, the total plasma flux was still an order of magnitude lower than what is required for Magnum-PSI. In this paper, we investigate how the plasma production can be improved by a factor of 10 over what the 
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20 s −1 . It is investigated how the channel diameter, input power and hydrogen flow rate determine the plasma production. An empirical model is developed on the basis of I -V measurements for an extrapolation of the plasma fluxes to those required for Magnum-PSI. Thomson scattering and optical emission measurements are employed to check the predictions made by the empirical model and to estimate absolute values of the ion flux and gas efficiency.
B. Background from the literature
It is known from the literature that in hydrogen and nitrogen arcs, the discharge current is concentrated in the center of the channel, where the electron temperature and ionization degree is high. 12, 13 This current conduit widens as the input power is increased. As a result, the I -V characteristic flattens or even develops a negative slope. The power deposition into the arc depends on the plasma resistance. The conductivity ͑͒ in the hot core depends on the electron temperature ͑T e ͒ according to the Spitzer relation
where T e is the electron temperature in eV. The conductivity is strongly dependent on T e . The dependence on n e is weak. The electron temperature inside the current conduit can be calculated from a charged particle balance that equates the production of new electrons and ions to the convective loss of charged particles from the source via sonic outflow. In Ref. 15 , this is shown to lead to an electron temperature of
where Ê ion is the ionization energy in eV ͑13.6 eV for hydrogen͒, p is the pressure in the discharge channel, L the length of the channel, A is the atomic mass ͑1 a.m.u. for atomic hydrogen͒ and T h is the temperature of the heavy particles ͑i.e., H and H + ͒.
C. Outline
A series of sources with discharge channel diameters of 4 -7 mm was tested on Pilot-PSI. Details of the setup and diagnostics are given in Sec. II. All experimental results are given in Sec. III. To check if the flow in the discharge channel is laminar and to be able to estimate the heavy particle temperature to be used in Eq. ͑2͒, the pressure at the gas inlet was measured for all sources as a function of ⌽ and P in . As described in Sec. IV B, the conductance of the arc channel provides a measure of the plasma production. To determine how the plasma production scales with the operating parameters, the discharge voltage was measured as a function of the discharge current between 60 and 300 A at different hydrogen flow rates and channel diameters. The voltage was also measured in a scan of the gas flow rate between 0.5 and 10 standard liters per minute ͑slm= 4.5ϫ 10 20 particles per second͒ at a discharge current of 100 A to investigate the influence of the pressure on the source operation. For the same set of operating conditions, the plasma output ͑electron density and temperature profiles͒ was measured with Thomson scattering ͑TS͒. For one set of operational parameters, the convective plasma velocity was measured with high resolution optical emission spectroscopy ͑OES͒.
In Sec. IV, first the pressure measurements are analyzed in terms of Poiseuille flow and an estimate of the heavy particle temperature is made. Assuming that the central temperature in the current conduit is dependent on p ͓via Eq. ͑2͔͒, but not on P in , we then define a model with just one parameter: the effective radius of the current conduit r eff . Using this model, we estimate from the I -V measurements the plasma production and determine how it scales as a function of P in , d, and ⌽. The ionization degree inside the current conduit ͑the only free parameter in the model at this point͒ is calibrated by comparing with the measured plasma flux from the combined TS and OES measurements.
From the results in Ref. 11 , it is known that the magnetic field has a strong effect on the operation of our cascaded arc source and can have a very positive effect on the plasma production. No magnetic fields were applied in the voltage measurements in order to focus on the source operation and eliminate nozzle-field effects. The TS and OES measurements, however, required a magnetic field because otherwise the plasma recombination length scale would have been smaller than the distance between the arc and the TS measurement ͑4 cm͒. Only fields smaller than 0.4 T were used in order to minimize the extra power input in the nozzle region. In Sec. V, we estimate the extent to which the source operation is determined by the field. Using the scaling found from the I -V measurements, we finally extrapolate the measured plasma fluxes to those required for Magnum-PSI, considering the power load on the source walls. We give a short summary and conclusions in Sec. VI.
II. EXPERIMENTAL SETUP
A. Cascaded arc plasma source
A schematic of the cascaded arc is shown in Fig. 1 . It consists of a cascade of 5 mm thick copper plates that are electrically insulated from each other. Vacuum sealing and electrical insulation is accomplished by 1 mm thick heat resistant boron-nitride ͑BN͒ spacers inside O-rings, mechanically stabilized by polyvinylchloride spacers outside the O-rings. The central holes of the plates together form the discharge channel. The channel diameter was varied between 4 and 7 mm in the present experiments. Three cathodes, made of thoriated tungsten, are inserted in a gas chamber in front of the discharge channel. The cathode tips, heated to ϳ3000 K by ion impact, emit electrons thermionically ͑i.e., by the thermal vibrational energy of the electrons overcoming the restraining potential͒. The 2 mm thick cathode tips are inserted at an angle of 45°into the cathode chamber. They are each individually connected to one of the three power supplies. The discharge gas is fed into the arc via the same chamber. The pressure in this region is typically 10 3 -10 4 Pa during operation and depends on the channel diameter, gas flow rate and discharge current. The last plate of the cascade serves as the nozzle as well as the anode. It is made of a 75%-25% tungsten-copper composite ͑Sparkal X by Plansee͒ and electrically connected via the endplate to earth by a copper spacer. The inner diameter of the anode is increased with respect to the discharge channel. The sizes are listed in Table I . Considering the thickness of the plates and spacers and the alignment of the cathodes, the length of the discharge channel is 33 mm ͑measured from the tip of the cathode to the front of the anode͒. All components are watercooled by approximately ϳ5 l/ min of water at 10 bar.
B. Pilot-PSI and experimental procedures
The cascaded arc sources were tested in the linear plasma generator Pilot-PSI ͑see Fig. 2͒ . The device consists of a 1.2 m long, 0.4 m diameter vacuum vessel that is placed inside five coils. The maximum magnetic field strength is 1.6 T at the center of the vessel, but for the present research only fields up to 0.4 T were used. The cascaded arc plasma source is placed on the magnetic field axis. Two root blowers ͑2 ϫ 4000 m 3 / h pumping speed͒ operate in parallel to maintain the vessel pressure at 1 -15 Pa during operation ͑de-pending on the inlet gas flow͒. The plasma is deposited on a water-cooled target at 56 cm downstream. The target is at floating potential.
Discharges were started on argon at a flow rate of 2 slm by a high voltage pulse ͑700 V͒ and subsequently stabilized on 80 A total current by three DC current supplies ͑Regatron TopCon Quadro TC.P.32.400.400.S, 32 kW, 100 A, 400 V͒. After a few minutes, the gas composition was gradually changed from 100% argon to 100% hydrogen. Subsequently, the operational settings were adjusted to the desired values: a gas flow rate between 0.2 and 10 slm and a discharge current between 60 and 300 A. This was followed by a magnetic field pulse of 0.2-0.4 T for typically 30 s to allow for TS and OES measurements.
C. Diagnostics
The cathode voltages and currents delivered by the power supplies were recorded with a PC-based data acquisition ͑DAQ͒ system operating at about 3 Hz to yield I -V characteristics and input power. The same system recorded the reading of a pressure gauge installed at the gas inlet of the cascaded arc ͑membrane gauge PRAD D005.S70.C210, Baumer sensopress, 1 -1000 mbar͒.
Electron density ͑n e ͒ and temperature ͑T e ͒ profiles were measured with TS at about 4 cm from the source exit ͑Fig. 2͒. The frequency doubled output of a Nd:YAG laser ͑532 nm, 3 ns, 0.5 J, 10 Hz͒ was passed vertically through the vessel and focused in the center of the plasma. Scattered light was collected at a scattering angle of 90°and relayed to a spectrometer with a bundle of 50 fibers. For each measurement, light from 30 laser pulses was spectrally and spatially resolved in a 1 m Littrow spectrometer, amplified by a Generation-III intensifier and recorded with an intensified charge-coupled device ͑CCD͒ camera. Electron densities were absolutely calibrated by Rayleigh scattering on argon. The data were corrected for stray light and CCD noise and fitted with a series of Gaussian distributions to yield spatial n e and T e profiles. Details about the Thomson scattering setup at Pilot-PSI, including an analysis of the observational errors, are described in Ref. 16 . The axial velocity of the plasma was determined with high resolution OES on the Balmer-␤ ͑H ␤ ͒ line. Light emitted from the H ␤ line was collected at a 15°angle from the axis of the experiment ͑Fig. 2͒. The light was relayed to a 2.25 m Littrow spectrometer with a fiber array, spatially and spectrally resolved, and recorded with a CCD camera. The Doppler shift of the center of the line gives the axial velocity. We note that the measured Doppler shift represents an average over the full width of the plasma beam and over several centimeters in the axial direction. Furthermore, as the emissivity profile of the plasma beam in these conditions is hollow, 17 the slower edges of the beam contribute most to the measured signal.
D. Data analysis and definitions
The voltage and pressure data that were recorded at 3 Hz with the DAQ system were averaged over typically 10 seconds. The cathode voltage ͑V cath ͒ is the average voltage of the three cathodes. The source current ͑I arc ͒ is the sum of the individual cathode currents. The input power was calculated by multiplying the source voltage with the source current:
We note that the differences in current between the three cathodes were always very small ͑Ͻ1%͒. In order to average out scatter in the measured n e and T e and to symmetrize the profiles for cylindrical integration, we fitted all profiles with a profile of the form
͑4͒
dx is a measure of the slope of the side of the profile. An example of a n e and T e profile measured with TS and the corresponding fit is shown in Fig. 3 . The shape of the measured profiles are accurately reproduced by the fit. Equation ͑4͒ can be used to fit a variety of peaked profile shapes. At the edges of the beam the signal-to-noise ratio is too low to accurately determine n e and T e . Here, the fits are used to extrapolate the profile out to a radius of 15 mm, where the electron density is in all cases negligible. The peak n e and T e values presented in this paper are the maxima of the fitted curves. The plasma profile width refers to the full width at half maximum of the fitted n e profile. The fitted curves were integrated radially according to
where rЈ = r − r 0 and r 0 = ͑x 1 + x 2 ͒ / 2 is the center of the n e profile.
III. EXPERIMENTAL RESULTS
A. Pressure measurements
The pressure at the gas inlet of the cascaded arc was measured as a function of the inlet H 2 flow between 0.2 and 10 slm for channel diameters between 4 and 7 mm. The discharge current was always 100 A and the magnetic field was 0.4 T. Figure 4 shows the results. In the investigated range of gas fluxes and diameters, the inlet pressure varies between 20 and 200 mbar. It increases nonlinearly with increasing gas flux and decreases with increasing channel diameter.
The pressure was also measured as a function of the input power. These results are shown in Fig. 5 for channel diameters between 4 and 6 mm, a gas flow rate of 3.5 slm, and a magnetic field of 0.2 T. The data show a linear in- FIG. 3 . Example of a typical fit of the electron density and temperature profiles. The source diameter was 5 mm, the current 185 A, the H 2 gas flow rate 3.5 slm, and the magnetic field 0.2 T. The shape of the measured profiles are accurately reproduced by the fit. Figure 4 can be used to fit a variety of different peaked profile shapes.
FIG. 4 . ͑Color online͒ Pressure in the cathode chamber as a function of the hydrogen flow rate for channel diameters between 4 and 7 mm. For all measurements, the discharge current was 100 A and the magnetic field 0.4 T. The pressure is seen to increase with gas flow rate and decrease with the channel diameter.
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crease of the pressure with the input power. The pressure at a given input power is again higher in narrower channels. For all diameters, the extrapolated pressure at zero input power is nonzero and decreasing with increasing diameter. Figure 6 shows in detail the results of I -V measurements on a 5 mm cascaded arc at six different hydrogen gas flow rates ͑0.5-3.5 slm͒ and B = 0 T. The operating voltage increases as a function of increasing gas flow rate. It is known from the literature ͑e.g., Ref. 18͒ that H 2 cascaded arc discharges have a negative slope in their I -V characteristic, which flattens at high current. These results show that in the investigated range of currents and flow rates, the I -V characteristics are almost flat. At the highest flow rates ͑i.e., pressures͒, the I -V characteristic still has a negative slope over the whole range of investigated currents. The average slope decreases with decreasing flow rates. At the lowest two flow rates the data even show a shallow minimum, suggesting that the current conduit does not widen in these conditions.
B. I -V measurements
In Fig. 7 , the results of cathode voltage measurements are plotted as a function of inlet pressure for channel diameters between 4 and 7 mm. The discharge current was always 100 A. The pressure was varied by changing the hydrogen gas flow rate through the source. We see that for all channel diameters the voltage increases linearly. For d =5-7 mm, there is no diameter dependence. The operating voltage of the 4 mm arc is lower than that of the other arcs by about ϳ10%. In absolute terms, the voltage increases by 50% as the pressure is increased from 20 to 100 mbar. The black line is a linear fit through the 5, 6, and 7 mm data. Figure 8 shows the influence of the inlet pressure on the arc voltage at a higher input power. For these measurements, the arc current was adjusted such that the total input power was constant at 22 kW. Concretely, as the gas flow rate was increased, the current was decreased from 300 A to about 160 A to compensate for the higher operating voltage. The voltage increased by about 60% as the pressure increased fourfold. The increase is approximately linear. The slope is the same as the slope in Fig. 7 . Due to the negative I -V characteristic in this range of conditions, the absolute voltages are slightly lower. Figure 9 shows the results of the measurements of the I -V characteristics over the same range of currents, but now at a constant gas flow rate and for channel diameters between 4 and 7 mm. Splines are drawn to guide the eye. These results more clearly show the transition from a I -V characteristic with a negative slope at low currents to one with a zero or positive slope at higher currents. The operating voltage is lower for the larger channels. Comparing the data of the different diameters at, e.g., a current of 100 A, we observe that the slope is zero for small diameters ͑high pressures͒ while it is negative for the large diameters ͑low pressures͒. 
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C. Thomson scattering measurements
We measured n e and T e profiles in a scan of the discharge current between 85 and 300 A for each source configuration. Figure 10 shows the profiles obtained for the 5 mm cascaded arc at a gas flow of 3.5 slm and B = 0.2 T. We observe that the peak electron density increases with discharge current, whereas the width and shape of the profile do not change. For the T e profiles, we observe the opposite: The peak temperature increases only slightly from 1.4 to 2.0 eV, whereas the width increases strongly. These trends are representative of the trends observed with the other diameters. Figure 11 summarizes the results obtained with channel diameters between 4 and 6 mm. The measurements were done at 3.5 slm and B = 0.2 T. The top graph shows the peak density for each channel diameter. We observe that the peak n e is linear with input power for all channel diameters. Extrapolating back to zero density, the minimum input power for sustaining the discharge is approximately 5 -10 kW. The densities of the 5 and 6 mm channels are relatively close together, while that of the 4 mm arc is significantly lower. The center graph shows that the peak electron temperature increases with increasing input power for d = 4 and 5 mm and decreases for d = 6 mm. Furthermore, we observe a clear diameter dependence: T e increases with increasing d. The bottom graph indicates that the width of the n e profile is constant and independent of the channel diameter. Only the 6 mm channel has a somewhat larger width at low input power.
All fits of the measured electron density profiles were radially integrated to yield a measure for the total ion flux. In Fig. 12 we have plotted this integrated density divided by the inlet H atom flux. Multiplying this quantity with the axial velocity yields the gas efficiency of the source ͑plus eventual extra ionization in the first 4 cm of the plasma jet due to post-heating͒. For all diameters, N / ⌫ H in increases linearly with input power. There is no dependence on the channel diameter for d = 5, 6 mm, but for d = 4 mm the slope of the integrated density is significantly smaller.
Thomson scattering measurements were also performed FIG. 8 . ͑Color online͒ Arc voltage as a function of cathode chamber pressure for a 5 mm channel diameter. The pressure was varied by changing the hydrogen gas flow rate through the source. As the gas flow rate increased, the arc current was adjusted down, such that the total input power stayed constant at 22 kW. The voltage increased by about 60% as the pressure increased fourfold.
FIG. 9. ͑Color online͒ Arc voltage as a function of source current for channel diameters between 4 and 7 mm. Gas flow rate was between 3.0 and 3.5 slm. Splines are drawn to guide the eye. The data show that at the same gas flow rate and current, the operating voltage decreases with increasing channel diameter. Furthermore, the slope is negative at low currents and zero above approximately 100 A of current. as a function of the gas flow rate through the source. These were performed for d =4-7 mm at a current of 100 A and a magnetic field of 0.4 T. The n e profiles measured in the gas flow scan were subjected to the same analysis as above. The integrated densities divided by the inlet H-atom flux are shown as a function of hydrogen gas flow rate in Fig. 13 . All channel diameters exhibit a decreasing trend as a function of ⌽. There is no dependence on the diameter of the discharge channel. Fitting all these data with a power law gives a dependence of the integrated density on the hydrogen flow rate of N / ⌫ H in ϰ⌽ −0.65 .
D. Measurements of the axial velocity
The results in Sec. III C cannot be converted into absolute numbers such as the gas efficiency or ion flux without knowing the convective axial velocity of the plasma. The axial velocity was, however, not measured in all conditions. In order to put an estimate of the gas efficiency to the data in Figs. 12 and 13 and to calibrate the estimated gas efficiency from the I -V measurements ͑see below͒, we have performed measurements of the axial velocity with OES in one set of operating conditions. In Fig. 14 we have plotted the measured axial velocity as a function of distance from the source exit. These measurements were done with a 4 mm source at I =80 A, ⌽ = 2.5 slm, and B = 0.4 T. The axial velocity decreases as a function of distance from ϳ4.5 km/ s at z = 2 mm to ϳ 2 km/ s at z = 9 cm. The TS measurements are done at z = 4 cm. Here, the axial velocity is just over 3 km/ s. As indicated in Sec. II, the measured velocity is a lineaverage over the full width of the plasma beam and several centimeters in the axial direction. Furthermore, most of the light is emitted from the slower edges of the beam. The values given here are expected to be a lower limit. 
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IV. ANALYSIS AND INTERPRETATION
A. Poiseuille flow and estimation of heavy particle temperature from pressure measurements
Laminar flow of an incompressible fluid through a cylindrical tube is given by
where Q is the mass flow, d is the diameter, the mass density, ⌬p the pressure drop, the dynamic viscosity of the fluid, and L the length of the tube. This is known as Poiseuille flow. A viscous perfect gas flowing isothermally may be considered incompressible over a short section of the tube. For such a gas, we find for an infinitesimally small section dp dz
where we have used the definition Q = m⌫ and the equation of state = mp / k B T. If we integrate this over the length of the channel and assume that p out 2 is negligible, we calculate that the inlet pressure as a function of gas flow and channel diameter is
To test whether we have indeed Poiseuille flow, we have plotted the data from Fig. 4 as a function of ⌫ 0.5 Fig.  15 . The linear dependence observed in this graph demonstrates that the flow inside the arc channel is compatible with the description of a laminar flow.
As shown in Fig. 5 , the pressure is also dependent on the input power in the source. In Fig. 16 we have normalized the measured pressure data from The effective viscosity is a measure of the average heavy particle temperature in the discharge channel. From Eq. ͑8͒ and the measured data, we can calculate the quantity T. For the data in Fig. 15 , T Ϸ 0.3− 0.4 kg km
Comparing these values to those from literature, 20 we find that this is compatible with a heavy particle temperature of T h Ϸ 0.6-1.0 eV.
B. A one parameter model for the cascaded arc efficiency
As indicated in Sec. I, the input power is deposited into the cascaded arc through Ohmic dissipation in a narrow current conduit. This power is divided between dissociation and ionization of the hydrogen gas, conductive heat losses to the channel wall, radiation losses from the source and heating of the unionized gas. Based on the I -V data presented in Sec.
III and a few simplifying assumptions, we formulate an empirical one parameter model for the cascaded arc operation that allows us to identify the dominant loss mechanism in the discharge channel.
The main assumption we make is that the central temperature is independent of the input power ͓but via Eq. ͑2͒ dependent on the pressure͔. The physics basis for this assumption is that the average ionization degree over the volume of the discharge channel is fairly low. Therefore, an increase in temperature leads to a strong increase in ionization degree and hence requires a large amount of energy. Only when the ionization degree approaches 100% will the temperature significantly increase. In Ref. 21 , this has been verified experimentally for a flowing argon arc. If the central temperature is constant, the conductivity equation ͑1͒ is constant and hence the arc conductance is only determined by the width and shape of the temperature profile. As we are only interested in global trends, we characterize the profile by a single parameter representing its width and assume a generic profile shape. Since it is not very important for the model what the exact shape is, we choose the simplest possible one: a top-hat with constant temperature out to a radius r eff and T e = 0 outside this radius. For convenience, we introduce the filling fraction
where r ch is the radius of the discharge channel. We assume that the velocity profile at the source exit is flat and hence that the ion flux from the source is given by
where ␣ is the ionization degree within r eff . The gas efficiency is then by definition equal to 2 ␣. The only unknown at this point is the ionization degree. This can be estimated from the experimental data, as will be done in the next section.
The filling fraction at which the source operates ͑and hence the arc conductance͒ is determined by a balance between the input power and the power losses in the arc. Therefore, we write the input power and possible loss mechanisms as a function of . Experimentally, the cascaded arc is operated at constant current. As a function of the total input power becomes Figure 17 shows the strong P in ϳ −2 behavior. Regardless of the exact loss mechanisms, the power losses are likely to increase with the filling fraction. Given a certain current, the arc operates at that , where the curve of P in intersects with that of P loss . If the current is increased, the whole curve of P in is raised, leading to a larger filling fraction. In accordance with the assumptions made here, Fig. 10 shows that the central electron temperature measured at z = 4 cm does not vary much, and that the width of the temperature profile increases with input power. We note that this is not a proof of these assumptions, because processes in the first 4 cm of the plasma beam might have influenced the temperature profile ͑such as plasma expansion, Ohmic heating, 11 and viscous ion heating 17 ͒. Figure 17 also explains the stable operation of the cascaded arc: If ͑e.g., due to a fluctuation͒ the dissipated power becomes larger than what is required to sustain the discharge, the current channel widens, which in turn immediately lowers P in . Conversely, if the total power falls short, the current channel contracts, forcing the power supplies to operate at a higher voltage and hence increasing the input power again. Figure 17 also shows the dependence on of several possible loss mechanisms. These are:
͑1͒ Volume losses from the hot current conduit, e.g., losses on volume recombination or on radiation from an optically thin medium. These losses scale as
We note that these might also be dependent on, e.g., the pressure. ͑2͒ Losses by radial heat conduction to the cooled channel walls through the layer surrounding the current conduit. This scales as
This dependence leads to large losses mainly when approaches unity.
In Sec. IV C we evaluate how scales as a function of P in , p, and r ch to determine what type of losses are dominant.
To calculate the absolute value of the filling fraction, the average conductivity of the channel is compared to the conductivity of the hot plasma core:
A qualitative picture showing the stabilization mechanism of the cascaded arc according to the one parameter model. At a given current, the source operates at that filling fraction where the input power ͑solid line͒ is equal to the dominant power loss mechanism. Volume losses ͓dashed line, scaling with r eff 2 ͔ and conductive losses ͓dashed-dotted line, scaling with ln͑͒ −1 ͔ are indicated.
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The pl is dependent the central temperature according to Eq. ͑1͒ and this is in turn dependent on the pressure according to Eq. ͑2͒. The calculated electron temperature is plotted in Fig. 18 for the range of pressures relevant to our setup. In the range of interest, the temperature varies fairly slowly with pressure. Its value is T e Ϸ 1.5− 2.0 eV in the relevant pressure range, making the conductivity pl Ϸ 6−9 ϫ 10 3 ⍀ −1 m −1 . From the measured I -V data and the channel geometry, the filling fraction is calculated with
. ͑15͒
C. Estimation of the plasma production from I -V measurements
According to the method described in the previous section, we have plotted in Fig. 19 2 as a function of input power, using the data of Fig. 6 . The figure shows a number of interesting aspects. First, for gas flow rates between 1.5 and 3.5 slm, the linear fits show that 2 scales linearly with the input power. From these data ͑taken with one diameter͒, we conclude that the dominant loss process inside the arc channel is one scaling with the volume of the current conduit. At the lowest gas flow rates of ⌽ = 1.0 and 0.5 slm, the dependence deviates slightly from linear. For these gas flow rates, the lines through the data points are splines drawn by hand. For these ⌽, the slope decreases slightly with increasing input power. Second, at a given input power, the current conduit widens as the gas flow rate decreases. This indicates that the power losses ͑sketched in Fig. 17͒ become smaller if the pressure in the arc channel decreases. Third, extrapolating back to zero filling of the channel ͑i.e., source extinction͒, we see that there is a minimum power of ϳ3 kW required to sustain the discharge. This power P 0 is not dependent on the gas flow rate. Finally, at 0.5 and 1.0 slm and high powers, actually exceeds 1. By definition, cannot exceed 1, so in these conditions the used model is no longer expected to be valid. Specifically, the assumption of a fixed electron temperature will not hold when approaches 1. In Fig. 6 we observe that in these conditions the I -V characteristic again gets a positive slope, suggesting that the current conduit does not widen any further. Together with T e , the ionization degree in the center is expected to rise as approaches 1.
A possible interpretation for the volume losses being dominant can be found in the fact that the electron temperature is higher than the heavy particle temperature. The electrons, heated Ohmically to ϳ1.7 eV, transfer thermal energy to the heavy particles through ͑Coulomb͒ collisions. The power balance described in Sec. IV B concerns the electrons. From this perspective, the transfer of thermal energy to the heavy particles is considered a power loss. The conductive losses in the radial direction are determined by the radial temperature profile of the heavy particles. Despite the relatively large thermal conductivity of hydrogen, 20 these losses are apparently not dominant in this range of conditions. This interpretation is consistent with the observation that the filling of the channel becomes larger at lower pressures. At lower pressures/densities, less atoms and ions are present to transfer the thermal energy to.
To estimate the ionization degree to be used in Eq. ͑10͒, we calculate the total ion flux from the TS and OES results. The only set of conditions for which the axial velocity was measured is d = 4 mm, ⌽ = 2.5 slm, I = 100 A, and B = 0.4 T, leading to an input power of P in = 12.5 kW. From Fig. 12 , we see that at this input power, N / ⌫ H in =8ϫ 10 −6 s / m. Multiplying this with v z =3 km/ s gives a gas efficiency of 2.5% and a total ion flux of ⌫ H + out =6·10 19 s −1 . From Fig. 19 we see that in these conditions 2 = 0.25. Given the known inlet gas flux, we find from Eq. ͑10͒ that the ionization degree in the center is 0.1. To compare Fig. 12 with Fig. 19 , an assumption has to be made on the scaling of the plasma velocity at the TS location. As it is expected that the plasma exits the source at sound speed c s ͑Ref. 22͒ ͑which depends only on T e ͒, the 
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velocity at the source exit is independent of P. Assuming that the decrease in velocity between the source exit and z = 4 cm is always approximately the same, the velocity at the TS location will not differ largely from the measured value. Consequently, Fig. 12 implies that the ion flux is linearly dependent on the input power. Given that under these assumptions, both ⌫ H + out and 2 are linearly dependent on P in , the ionization degree must be independent of P in . We will therefore use a constant value of 0.1 for ␣.
In ͑2͒ At a given input power and gas flow rate, the plasma production is independent of the channel diameter. ͑3͒ The gas efficiency ␥ = ⌫ H + out / ⌫ H in scales as
The second conclusion implies that if at a given input power and gas flow rate the channel diameter is increased, the filling fraction will in fact not change ͓see Eq. ͑10͔͒. This means that the volume r eff 2 L increases with d 2 . At the same time, according to Eq. ͑8͒, the pressure decreases with d −2 . The total number of particles in the current conduit thus remains the same. Consistent with the interpretation given above, this number of particles sets the power loss. The third conclusion is in reasonable agreement with the TS results of Fig. 13 that showed a dependence on the gas flow rate of ⌽ −0.65 . The dependence of the ion flux on the square root of the flow rate is confirmed by the results in Fig. 21 , where the ion flux at constant input power is plotted as a function of gas flow rate for the data presented in Fig. 8 . The input power was kept constant by adjusting the source current to the voltage change due to the increased pressure. The data were fitted with a power law, giving a dependence of ⌫ H + out ϰ⌽ 0.59 , which is close to 0.5.
V. DISCUSSION
A. Comparison between arc measurements and measurements downstream
In this work, the magnetic field during the TS and OES measurements was kept below 0.4 T to minimize extra power dissipation and plasma production in the nozzle region by the mechanism described in Ref. 11 . Even at this value of the magnetic field, however, the effect is not negligible. Due to the extended current path, the discharge voltage at a given current ͑and hence the input power͒ increases when the magnetic field is switched on. To estimate the degree to which the power deposition is determined by nozzle effects, we compare the input power during the magnetic field pulse to that at B = 0 T. Dividing the difference between these two by the input power during the field pulse shows that at 0.4 T and nozzle diameters about 2 mm larger than the channel, about 25% of the input power is dissipated in the nozzle region outside the source channel. This number does not depend strongly on the exact experimental conditions. To what extend this extra power dissipation influences the plasma production will be the subject of future work. However, extrapolating the results in Fig. 4 of Ref. 11 back to zero B-field suggests that the difference in plasma production between B = 0.4 T and B = 0 T is also of the order of 25%.
This effect, together with viscous ion heating, 17 molecular assisted recombination, 8, 9 and not having velocity data for all experimental conditions introduces some uncertainties in the comparison between the estimated fluxes from the I -V measurements and the results in Figs. 12 and 13 . However, the trends predicted by the I -V measurements are well reproduced by the TS measurements. Furthermore, the main con- 
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clusions are based on the scaling that results from the analysis of the I -V data, which does not depend on these uncertainties.
B. Extrapolation to larger sources
As explained in Sec. I, we need to improve the output flux by a factor of 10 relative to P in = 12 kW and ⌽ = 2.5 slm to a total flux of 6 ϫ 10 20 s −1 . Extrapolating the results of Fig. 20 to this flux gives the condition
The operational parameters for which this condition is not met are indicated by the left shaded area in Fig. 22 . The minimum required gas flow rate decreases quadratically as a function of the input power. Another issue to consider is that the model is not expected to remain valid as the filling fraction approaches unity. Using Eq. ͑10͒, the scaling of the ion flux found in Eq. ͑16͒ is turned into an expression for . Taking = 0.9 as the maximum filling fraction for which our analysis is to hold, an equation in P in and ⌫ H in is formulated. The solution of this equation is also plotted in Fig. 22 . The shaded area at low gas flow rates and high input powers, indicates where the model will not hold. Optimizing to a minimal gas flow rate, Fig. 22 shows that the flux requirement can be met with an input power of 65 kW and a gas flow rate of 7 slm.
One more important factor in scaling to higher powers is the heat load on the channel walls. Numerical analysis of the thermal stresses in the cascade plates show that with sufficient cooling of the plates, the maximum power load on the walls is Q max Ϸ 10 MW/ m 2 . Assuming that most of the input power goes to the channel wall ͑surface area S wall ͒, the wall load is estimated with
The maximum wall load Q max now sets the minimum channel radius at a given input power. Using a source with the same length-to-radius ratio as the current sources, i.e., L Ϸ 10r ch , the minimum diameter becomes r min = ͱ P in 20Q max . ͑20͒
At P in = 65 kW, the minimal radius of the source is 1 cm. Without magnetic field, the gas efficiency will according to the scaling equation ͑17͒ be ϳ9%. To calculate the energy efficiency, we take for the average energy per electron-ion pair E = where we have assumed for this approximation T i = T e . E diss = 4.5 eV is the dissociation energy of a H 2 molecule and E ion = 13.6 eV is the ionization energy of atomic hydrogen.
Taking T e Ϸ 2 eV, the total power in the plasma beam is ⌫ H + out E Ϸ 2.5 kW. At P in = 65 kW, this implies an energy efficiency of 4%.
VI. SUMMARY AND CONCLUSIONS
Cascaded arc plasma sources with discharge channel diameters between 4 and 7 mm were experimentally investigated as a function of the operational parameters. Pressure measurements showed that the flow through the channel is consistent with laminar flow. Thomson scattering measurements showed the electron density at 4 cm from the source exit increasing linearly with input power. The measured I -V characteristics were analyzed in terms of a model with the effective filling of the discharge channel as the most important parameter. The main assumption that went into the model is that the electron temperature in the center of the discharge channel depends on the pressure, but not on the input power. This analysis showed that the dominant power loss mechanism inside the source is one that scales with the effective volume of the plasma in the discharge channel. The ion flux was estimated from the filling fraction by 2 ␣⌫ H in . The ionization degree in the center of the channel ␣ was determined from a comparison between the I -V data and the estimated absolute flux from TS and OES measurements and assumed to be constant. This analysis showed that the ion flux scales with the operational parameters as P in ͑⌫ H in ͒ 0.5 and the gas efficiency as P in ͑⌫ H in ͒ −0.5 . Given an input power and gas flow rate, the plasma production is independent of the channel diameter. Extrapolation of the data showed that a tenfold increase in flux is possible with a 2 cm diameter source at 65 kW input power, leading to an estimated gas efficiency of 9% and an energy efficiency of 4%. Future work will include the verification of the predicted fluxes at higher input powers with a combination of TS measurements, a better determination of the axial velocity and ion saturation current measurements. FIG. 22 . Determination of the operational range for a high power cascaded arc. The curve with negative slope is determined from the minimum required flux for the Magnum-PSI experiment. The other curve is determined from the condition ഛ 0.9.
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